True tendon regeneration in human patients remains a vision of musculoskeletal therapies. In comparison to other mesenchymal lineages the biology of tenogenic differentiation is barely understood. Specifically, easy and efficient protocols are lacking that might enable tendon cell and tissue differentiation based on adult (stem) cell sources. In the murine mesenchymal progenitor cell line C3H10T½, overexpression of the growth factor bone morphogenetic protein 2 (BMP2) and a constitutively active transcription factor, Smad8 L + MH2, mediates tendon cell differentiation in vitro and the formation of tendon-like tissue in vivo. We hypothesized that during this differentiation secreted factors involved in extracellular matrix formation exert a major impact on tendon development. Gene expression analyses revealed four genes encoding secreted factors that are notably upregulated: periostin, C-type lectin domain family 3 (member b), RNase A4, and follistatin-like 1. These factors have not previously been implicated in tendon biology. Among these, periostin showed a specific expression in tenocytes of adult mouse Achilles tendon and in chondrocytes within the nonmineralized fibrocartilage zone of the enthesis with the calcaneus. Overexpression of periostin alone or in combination with constitutively active BMP receptor type in human mesenchymal stem cells and subsequent implantation into ectopic sites in mice demonstrated a reproducible moderate tenogenic capacity that has not been described before. Therefore, periostin may belong to the factors contributing to the development of tenogenic tissue.
Introduction
T he molecular mechanisms involved in tendon and ligament formation during embryogenesis are quite well characterized both in vertebrate and invertebrate systems [1] . Much less is known about processes that contribute to de novo tendon formation and tendon repair in adult organisms. Tendon regeneration in human patients imposes major clinical problems since, so far, only mechanically inferior fibrotic scar tissue is formed. This causes significant dysfunction and disability leading to re-injury in the long term. Specifically, adult tendons lack a true regeneration capacity that, however, is present in the fetus [2] . Therefore, identification of those specific properties contributing to regeneration during ontogenesis but not previously implicated in tendon formation will be informative and may help to devise biological strategies for tendon regeneration. This may hold true especially since cells in the adult organism are either specialized/differentiated or multipotent stem-cell-like mesenchymal stem cells [also called mesenchymal stromal cells (MSCs) ] that seem to lack some factors for achieving such a regeneration. Nevertheless, in contrast to cells from embryonic or fetal stages, MSCs are more readily available, for example, from bone marrow, and therefore identification of novel factors that may contribute to or even direct their differentiation into tendon cells is a therapeutically attractive approach. Among other parameters, secreted soluble proteins and extracellular matrix proteins are such promising candidates. Several growth factors, including members of the transforming growth factor-beta/bone morphogenetic protein (TGF-b/BMP) family, have been attributed a role in tendon repair in adult animals and humans and a variety of preclinical and clinical investigations have been conducted [3] . Unfortunately, none of these approachesalthough promising-has reached routine clinical application.
Therefore, present research aims to identify further molecular events that may contribute to de novo tendon formation in the adult organism. This research must also include the identification of novel ''markers'' on the transcript or protein level to distinguish tendon cells from other mesenchymal cell types.
The ordered collagen structure of tendons that accounts for its specific biomechanical properties is the principal difference to other connective tissues. Secreted matrix components contribute to the establishment of this ordered collagen structure. Consequently, these secreted factors may be involved as key regulators during exertion of the tenogenic differentiation program and arrangement of the extracellular matrix. They may also assist in the activation of endogenous regeneration processes. There are several studies that investigated the role of secreted matrix factors for tendon regeneration. A study by Chen et al. used MSCs that were derived from human embryonic stem cells for generation of tendon-like tissue [4] . They observed the formation of fetal matrix component genes (collagen III, XIV, and tenascin-c) and differentiation factors (including TGF-b3, growth and differentiation factor 5, BMP2, and fibroblast growth factor 2), which then activated the endogenous regeneration process in a rat patellar tendon repair model. Using a cellular model system of murine mesenchymal progenitor cells C3H10T½, we had demonstrated before that combined overexpression of a growth factor, BMP2, and the constitutively active variant of a transcription factor (Smad8 L + MH2, hereafter designated Smad8ca) leads to the formation of tendon-like tissue both in vitro and in vivo or even to the formation of tendon-bone junctions in vivo [5, 6] . However, the molecular processes that are triggered by BMP2 and Smad8ca and that result in the formation of tendon-like tissue have not yet been elucidated. We hypothesized that the BMP2/Smad8ca signaling system may trigger the synthesis of secreted factors that in turn support tendon formation. Therefore, we focused our attention on secreted factors that were upregulated during the BMP2/Smad8ca-dependent early tenogenic differentiation in C3H10T½ mesenchymal progenitors.
Microarray gene expression analyses identified the periostin gene (also called OSF-2: osteoblast-specific factor-2) as upregulated in the course of tenogenic C3H10T½ mesenchymal progenitor differentiation. Periostin encodes a matricellular protein first described in a mouse osteoblastic cell line as a putative cell adhesion protein for preosteoblasts and was therefore originally named osteoblast-specific factor [7] . Later, it was renamed based on its preferential expression in periodontal ligament and periosteum [8] . Periostin expression is induced by TGF-b [9] and by BMP2 [10] . It interacts with extracellular matrix molecules both intra-and extracellularly. Through interaction with collagen type I-the major component of tendon extracellular matrix-periostin regulates collagen I fibrillogenesis. Reduced collagen fibril diameters were found in skin dermis of periostin knockout mice [11] . We investigated the potential role of periostin in tendon formation and report that periostin is expressed in tenocytes of adult murine tendon within the vicinity of the enthesis (tendon-bone junction) and in chondrocytes within the nonmineralized fibrocartilage zone of this enthesis. Finally, it was shown that periostin supports the formation of tendon-like tissue in an ectopic transplantation model.
Materials and Methods

Stable C3H10T½ cell lines and HEK293T cells
The stable cell lines C3H10T½-BMP2 and C3H10T½-BMP2/Smad8ca have been described in detail [5] . Human embryonic kidney 293T (HEK293T) cells were cultivated in Dulbecco's modified Eagle's medium (DMEM) with 4.5 g/L glucose (Sigma) containing 10% fetal bovine serum (Invitrogen), 100 U/mL penicillin (Sigma), and 100 mg/mL streptomycin (Serva). All cell lines were maintained at 37°C and with 5% CO 2 .
Ethics statement
Human bone marrow aspirates used in the present study were obtained after approval of the institutional ethical committee of Medical School Hannover. Written informed consent was obtained from all donors. All personal information, including age and gender, was made anonymous. The bone marrow aspirates were harvested from left-over tissue during total hip arthroplasty from otherwise healthy persons.
MSC isolation and propagation
Human bone marrow MSCs were isolated from bone marrow aspirates. Mononuclear cells were isolated by density gradient centrifugation with Biocoll (Biochrom AG). Outgrowing colonies of plastic-adherent cells were harvested by trypsinization before reaching confluence and subcultured at a density of 2,000 to 5,000 cells/cm 2 in DMEM (Biochrom)/ 10% (v/v) fetal bovine serum (Thermo Scientific:Hyclone)/ 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Biochrom AG)/100 U/mL penicillin (Sigma)/ 100 mg/mL streptomycin (Serva)/2 ng/mL human recombinant FGF2 (Peprotech). For all experiments, cells were used between passages 3 and 6. MSC characteristics were confirmed by flow cytometric analysis of cell surface molecules and by in vitro differentiation as detailed by Shahab-Osterloh et al. [6] .
Differentiation experiments
C3H10T½-BMP2 or C3H10T½-BMP2/Smad8ca cell lines were seeded at 5,000 cells/cm 2 . At confluence (arbitrarily termed day 0), medium was supplemented with 50 mg/mL ascorbic acid and 10 mM beta-glycerophosphate. Medium changes were performed every other day. At days 0, 7, 10, and 17 of differentiation, samples were processed for RNA and protein isolation and were used for the microarray analysis (cf. section ''Microarrays''). For lentivirally infected MSCs the differentiation was allowed to proceed for 21 days and samples were then processed for protein and RNA analyses.
Western blotting
Cell pellets were lysed in 1% (w/v) Nonidet P-40, 150 mM NaCl, 20 mM Tris (pH 7.5), 2 mM EDTA, 50 mM NaF, and 1 mM Na 4 P 2 O 7 , supplemented with protease inhibitors (Protease Inhibitor Tablets; Roche Applied Science). Protein concentration was determined by the Bradford method, and equal amounts (25 mg/lane) of total protein were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subsequent western blotting. The periostin antibody (Acris, DP2019) was used at a dilution of 1:1,000. The secondary antibody goat anti-rabbit-IgG (H + L), horseradish peroxidase conjugated (Dianova), was used at a dilution of 1:10,000. For detection, ECL reagent (GE Healthcare) was used in conjunction with Hyperfilm ECL (GE Healthcare). Exposed films were scanned with the Epson scanner 1680 Pro.
Isolation of RNA
RNA was isolated from cell cultures using TriReagent Ò lysates according to the instructions of the manufacturer (Life Technologies). For isolation of RNA from mouse Achilles tendons and muscle, the following protocol was used. The respective tissues were prepared and pooled from nine black/ six mice (male, 6-week old). During dissection, extreme care was taken to isolate pure tissues only, that is, tendon without muscle or skeletal attachment sites, respectively. The tissues were washed in ice-cold PBS, frozen in liquid nitrogen, and stored at -70°C after removal of residual fluid. The tissues were transferred to 300 mL buffer RLT containing betamercaptoethanol and 4 ng/mL carrier-RNA (RNeasy micro kit; Qiagen) and distributed into tubes containing Lysing Matrix A beads (MP Instruments). Subsequently, the tissue was grinded with a homogenizer (FastPrep Ò -24 Instrument; MP Biomedicals, 4.5 m/s, 24 · 2, 4 · 10 s). Five hundred ninety microliters of water was added per sample and protein digested with 10 mL proteinase K (20 mg/mL; Thermo Scientific) for 10 min at 55°C. After centrifugation for 3 min at 10,000 g, the supernatants were divided into two reaction vessels each. About 0.5 volumes of absolute ethanol were added and the samples were applied to RNeasy microcolumns (Qiagen). RNA was isolated according to the instructions of the manufacturer and eluted with 14 mL of diethylpyrocarbonate-treated water. The entire material (12 mL eluate) was reverse transcribed as detailed in the next section.
cDNA synthesis and reverse transcriptionpolymerase chain reaction Five micrograms of total RNA from cell cultures was reverse transcribed with the cDNA synthesis kit (MMLV-RT; Life Technologies) and with oligo-dT (12) (13) (14) (15) (16) (17) (18) -primer. For tendon and muscle tissue, the entire material was used for cDNA synthesis, which was carried out after DNase treatment to remove genomic DNA according to the protocol of the supplier (Revert Aid First Strand cDNA synthesis Kit; Fermentas) using random hexamer primers. cDNA aliquots were subjected to polymerase chain reaction (PCR Microarrays cDNA microarrays [12] were generated using *20,000 murine cDNA clones (arrayTAG clone collection) from LION Bioscience. In this array, several genes are represented by more than one probe. For example, among the well-annotated differentially expressed probes (DEPs), 2 genes are represented by 5 or 4 DEPs, another 20 genes by 3 DEP each, and 209 genes by 2 DEPs. Labeling and hybridization reactions were performed using the 3DNA Array 50 Expression Array Detection kit (Genisphere) according to the manufacturer's instructions. RNA samples from two experimental series were investigated: tenogenic C3H10T½-BMP2/Smad8ca cells at four time points of differentiation-cellular confluence (day 0), day 7, 10, and 17 after confluence-and RNA samples from nontenogenic C3H10T½-BMP2 at the same four time points of differentiation. For each series, three cohybridizations were performed: control sample (day 0) versus test sample 1 (day 7), test sample 2 (day 10), and test sample 3 (day 17). Briefly, 20 mg of total RNA of control and test sample pairs was reverse transcribed using primers with a specific capture sequence. The two cDNA samples were pooled and hybridized to the microarrays in a humidified chamber at 42°C for 16 h. Dyeswap repeats were performed for each of the three pairs. Thus, six arrays were used per series. Slides were washed at room temperature in 2 · SSC/0.2% (w/v) sodium dodecyl sulfate for 10 min, 2 · SSC for 10 min, and 0.2 · SSC for 10 min. Bound cDNA was visualized by hybridization with 3DNA (dendrimers specific for respective capture sequences conjugated to either Cy3 or Cy5) in a humidified chamber at 42°C for 3 h.
Subsequently, slides were washed as before. Image acquisition and data analysis was done according to Gurok et al. [12] . From the hybridization data obtained we established a list of DEPs. Differential gene expression is presented as an estimation of a natural logarithmic ratio at each time point relative to the control at day 0. Therefore a log 2 ratio of 0.6931 is considered a fold change of 2. A log 2 ratio > 0.6931 was considered upregulated (''up'') and a log 2 ratio < -0.6931 was considered downregulated (''down'') as compared with the controls (day 0) in at least one of the three differentiation time points (day 7, 10, or 17).
Nonradioactive RNA Northern blot analysis
Five micrograms of RNA was applied per lane. About 300 ng of digoxigenin-labeled RNA probe was applied to RNA blots and processed according to the manufacturer's advice (Roche Diagnostics).
Lentivirus generation
Murine periostin with a C-terminal HA-Tag was cloned from mRNA isolated from C3H10T½-BMP2/Smad8ca cells (day 7 of differentiation) into the lentiviral expression vector pLOX/ TwGFP. The integrity of the construct was confirmed by sequencing with the ABI Prism 310 capillary sequencer (BigDye Terminator Cycle Sequencing Ready Reaction Mix v.1.1; Applied Biosystems) and matches periostin variant 1 (NM_ 015784). Constitutively active human BMP receptor IA (hereafter called caALK3) obtained from Peter ten Dijke (Leiden University Medical Center, Leiden, Netherlands) was integrated into pLOX. For virus production, HEK293T cells were transfected with either pUCL-MIK (tetracycline-dependent transactivator), pLOX-TwGFP, periostin-pLOX, BMP2-pLOX or ca. alk3-pLOX and pMD.G VSV-G (encoding the vesicular stomatitis virus envelope glycoprotein) plus pCMVDR8.2 (packaging plasmid) by using the calcium phosphate technique. Forty-eight and 72 h after transfection, supernatants were harvested and frozen in aliquots at -70°C for later use. For in vitro analyses, supernatants were chromatographically purified and concentrated with Lenti-XÔ Maxi Purification Kit (TaKaRa) according to the instructions of the manufacturer before freezing. Virus titrations were performed with the Lenti-X qRT-PCR Titration Kit (TaKaRa).
Lentiviral infection of MSCs
For infection, MSCs were seeded at 5,000 cells/cm 2 in T25 flasks. For ectopic implantations, viral supernatants were used at a multiplicity of infection of 100. For in vitro differentiation kinetics, purified virus was used at a multiplicity of infection of 100. Twenty-four hours after infection, doxycycline was added at a final concentration of 1 mg/ mL in standard culture medium to induce gene expression.
Ectopic implantations of MSCs
Ectopic implantations were performed essentially as described by Shahab-Osterloh et al. [6] . Briefly, 5 days after infection, cell-collagen implants seeded with 3 · 10 5 modified human MSCs were mounted on individual type I collagen sponges (3 · 3 · 3 mm 3 , No. ID-2205; Duragen, Integra Life Sciences) and transplanted into the thigh muscle or subcutaneously into female nude (nu/nu) mice (6-week old). Three to 5 days before implantation, mice obtained doxycycline in their drinking water (0.2 mg/mL). Four weeks after implantation, mice were sacrificed. Explanted transplants were fixed in 4% formalin solution overnight and were immediately dehydrated and paraffin embedded. These experiments were approved by the local administration of Lower-Saxony (No. 33.11.42502-14-051/07).
Histology
Explanted tissues with engrafted stem cells were immersion fixed in 4% neutral buffered formalin for 24 h, embedded in paraffin, cut at 5 mm using a motorized microtome (Leica Microsystems), and stained with hematoxylin and eosin (HE) following routine procedures. Images were acquired using a Keyence VHX-2000 digital microscope with accompanying software with high dynamic range image option and processed with Adobe Photoshop CE. No specific feature within an image was manipulated.
In situ hybridization DIG (digoxigenin-11-UTP)-labeled cRNA probes of defined length (antisense and sense) were generated by in vitro transcription of linearized plasmids according to the manufacturer's instructions (Roche Diagnostics) and as detailed by Shahab-Osterloh et al. [6] . Counterstaining was performed with methyl green.
Immunohistology
Immunohistochemical analyses were performed with deparaffinized tissue sections. For periostin staining, proteinase K digestion (Dako Cytomation No. S3004, 1:50) was performed for 30 min at 37°C. Slides were rinsed with Trisbuffered saline (TBS), and endogenous peroxidases were quenched with 3% H 2 O 2 in TBS for 30 min. Slides were washed again and blocked with 10% normal goat serum in TBS for 30 min. The periostin antibody (Abcam; ab14041) was diluted 1:300 and applied overnight. After washing, En Vision goat anti-rabbit secondary antibodies conjugated with peroxidase (Dako No. K4002) were applied for 30 min in the dark. For color development, 3,3¢-diaminobenzidine was used. For immunofluorescence analysis, antigenic epitopes were demasked by boiling in citrate buffer. Parallel sections were then blocked with normal goat serum followed by incubation with the primary antibody (rabbit anti-human collagen type III also reacting with mouse collagen III; Abcam) for 30 min. After washing, the slides were incubated with donkey antirabbit secondary antibodies conjugated to Cy3 (Dianova) and counterstained with 4¢,6-diamidino-2-phenylindole (DAPI). Green fluorescent protein (GFP) fluorescence was visualized directly. Negative controls were performed without primary antibody.
Results
Microarray analyses identify secreted factors during the onset of tenogenic differentiation in C3H10T½ cells expressing BMP2/Smad8ca
Murine mesenchymal progenitor cells C3H10T½ overexpressing BMP2 and the constitutively active variant of the transcription/signaling factor Smad8 (Smad8 L + MH2, now designated Smad8ca) form tendon-like structures without bony tissue in vitro and in vivo [5] . Following the hypothesis that secreted factors should contribute to the establishment of the ordered structure of tendons, this particular cell line was subjected to microarray analyses to pinpoint secreted factors during the onset of the tenogenic developmental sequence.
Tenogenic C3H10T½-BMP2/Smad8ca cells were compared with C3H10T½-BMP2 cells that do not possess a tenogenic capacity but which efficiently differentiate along the osteogenic, chondrogenic, and adipogenic lineages [13] . Four time points of differentiation were examined [cellular confluence (day 0), day 7, 10, and 17]. To identify genes with a role in the BMP2/Smad8ca-mediated tendon formation, gene expression changes during in vitro differentiation were analyzed, using a 20,000 clone mouse cDNA microarray. From the hybridization data obtained, we established a list of candidate array probes that either showed higher or lower transcript levels as compared with the controls (day 0) in at least one of the three differentiation time points (day 7, 10, or 17) for each of the two data sets (C3H10T½-BMP2 and C3H10T½-BMP2/Smad8ca). Probes that showed an upregulation in one time point and downregulation at another time point of either series are termed ''ambiguous.'' According to these criteria, 2,966 DEPs were identified in the C3H10T½-BMP2 series and 1,936 DEPs were identified in the C3H10T½-BMP2/Smad8ca series. Figure S1 shows the corresponding DCt values (using the housekeeping gene HPRT as a reference). (D) Periostin expression in cultivated C3H10T½ cells as assessed by western blot analyses. Proteins were isolated as described in ''Materials and Methods'' section, subjected to sodium dodecyl sulfate gel electrophoresis, and blotted. Periostin was detected with an anti-periostin antibody (Acris, Herford, Germany). Periostin shows a higher expression rate in cells undergoing tenogenic differentiation than in nontenogenic mesenchymal progenitor cells C3H10T½-BMP2. BMP, bone morphogenetic protein; Clec3b, C-type lectin domain family 3, member b (previously called tetranectin); Fstl1, follistatin-like 1; HPRT, hypoxanthine phosphoribosyl transferase; PCR, polymerase chain reaction. Color images available online at www.liebertpub.com/scd 1848 NOACK ET AL.
These DEPs were evaluated according to the following criteria: (1) being upregulated during the tenogenic developmental sequence (C3H10T½-BMP2/Smad8ca differentiation), (2) being downregulated during the osteogenic or chondrogenic differentiation (C3H10T½-BMP2), and (3) encoding genes for secreted factors. Four factors were selected for further investigations: Fstl1, Clec3b, RNase A4, and periostin (Fig. 1A) . Figure 1A shows that in tenogenic BMP2/Smad8ca cells, the expression of these four factors was considerably higher than in the C3H10T½-BMP2 cells used as a control. Periostin exhibited induction levels up to 28.5-fold at day 7 post-confluence (induction levels estimated by microarray), that is, at an early time during tenogenic development. Fstl1 expression (two probes) remained moderately high at all time points investigated but was maximal at day 10. Gene expression levels of Clec3b and RNase A4 were highest at days 10 and 17 with RNase A4 obtaining a maximum at the late time point. Within the C3H10T½-BMP2 data set, all four genes were downregulated during two or even three (RNase A4) time points (Fig. 1A) .
mRNA, quantitative RT-PCR, and protein level analyses confirm upregulation of Fstl1, Clec3b, RNase A4, and periostin in tenogenic mesenchymal progenitors
Northern blots were performed in order to verify the microarray data for the four selected genes (Fig. 1B) . By and large, the Northern blots confirmed the expression data obtained by microarray analyses. In BMP2/Smad8ca-expressing C3H10T½ cells, the four selected genes were considerably upregulated. Specifically, no hybridization of the probes for periostin, RNase A4, Clec3b, or just a faint signal for Fstl1 could be detected in BMP2-expressing C3H10T½ cells. To more quantitatively evaluate the induction levels of the genes, quantitative RT-PCR analyses were performed (Fig. 1C and Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub .com/scd). Figure 1C compares the results obtained for the four genes in the BMP2/Smad8ca cell line using the BMP2 cell line as a reference (DDCt). Periostin is the gene with the strongest induction (about 66-fold at day 10). Although the temporal pattern predicted by the arrays is not exactly mirrored (quantitative RT-PCR exhibits maximum induction at day 10 whereas microarrays indicated the maximum induction for day 7), the clear induction of the gene in the course of tenogenic differentiation is thereby confirmed. Clec3b exhibits similarly high induction levels especially at days 10 and 17 but its overall expression is low in both cell lines ( Supplementary Fig. S1 shows the DCt values using the housekeeping gene HPRT as a reference for both cell lines and all four time points.). Fstl1 obtains a maximum at days 10 and 17 of cultivation. RNase A4 gene expression increases from day 0 toward day 17, which is in absolute concordance with the array data.
In the case of periostin, it was confirmed with western blot analyses (Fig. 1D ) that periostin is an upregulated protein in BMP2/Smad8ca-expressing C3H10T½ cells with a maximum expression at day 10. A considerably lower expression of periostin is present in the BMP2 cell line declining from day 7 to 17. In conclusion, the protein data support the gene expression analysis that periostin is notably expressed in the tenogenic model cell line.
Gene expression analyses confirm expression of Fstl1, Clec3b, RNase A4, and periostin in adult mouse tendon Since the four factors identified by the present study have not been linked to tendon formation, their presence in adult tendon has not been tested previously. We therefore performed mRNA expression analyses in adult mouse tendon in comparison to adult mouse muscle in order to confirm that these factors may have the potential to affect tenogenesis. Quantitative RT-PCR experiments with RNA isolated from pooled Achilles tendon or muscle from adult mice (6 weeks of age) showed that all secreted factors described previously are expressed in tendon ( Fig. 2A) . Among the four factors selected, periostin showed the highest relative expression in tendon tissue compared to muscle (about 3.5-fold, Fig. 2B ) and is even higher than the expression level of tendonspecific genes, such as scleraxis and tenomodulin (see below). This specificity could be verified using patella tendon tissue (not shown). The relative expression levels of Clec3b, Fstl1, and RNase A4 were also higher in tendon than in muscle but these effects were less prominent. Since all four genes were expressed in both tissues, with a higher level in tendon, they may play a role in the formation of the extracellular matrix of connective tissue.
We additionally analyzed the expression of genes that have been described in the literature as ''specific'' or ''characteristic'' for tendon tissue, in order to obtain a more complete picture of gene expression in murine tendon and muscle: collagen 1a1, scleraxis, Six2, and tenomodulin. The expression of collagen 1a1 is about 7.8-fold higher in tendon than in muscle and thereby demonstrates the largest difference in relative expression values between both tissues (Fig. 2B, C) . Higher amounts of scleraxis (2.6-fold) and tenomodulin (2.5-fold) expression were seen in Achilles tendon, indeed (Fig. 2B, D) . In contrast, Six2 expression was predominantly demonstrated in muscle (Fig. 2B, D) . In conclusion, although these genes have been designated as being ''tendon specific,'' they are also expressed in muscle tissue-some of them like Clec3b at a considerable level ( Fig. 2A) . Therefore, the relatively high abundance of periostin in tendon tissue is particularly striking. Consequently, our further studies were focused on periostin. Periostin protein is expressed in adult murine tendons and in the tendon-bone junction
We were interested to know the cellular distribution of periostin in adult murine tendons and in their attachment site to bone, the osteo-tendinous junction or enthesis. We again used Achilles tendon as a study material including its attachment to the calcaneus. Tissue was prepared, decalcified, and paraffin embedded. Figure 3 shows histological and immunohistological results of serial sections. Figure 3A is an overview of the Achilles tendon and its insertion into the bone stained with HE. Figure 3B presents a detailed view of the insertion of the tendon (T) into the calcaneus. Since this is an indirect or fibrocartilaginous enthesis, two zones of fibrocartilage can be clearly distinguished. The tidemark separating nonmineralized cartilage (C) from mineralized cartilage (cC) is indicated in Fig. 3B by a dotted line. The bony portion (B) that is characterized by more intense eosin staining is also indicated. When compared with the control (Fig. 3D), immunohistological staining (Fig. 3C) shows that a distinct periostin protein expression was present in the fibrocartilage portion of the enthesis, in some nonmineralized chondrocytes, but not in the mineralized chondrocyte region and in bony tissue. Tenocytes within the Achilles tendon also stained positive. Similar data were obtained with a different periostin antibody (Acris).
Overexpression of periostin in MSCs does not result in differentiation of tenocyte-like cells in vitro
To analyze the presumptive role of periostin in tendon formation by mesenchymal progenitors, the full-length periostin cDNA was incorporated in a tetracycline-inducible lentiviral vector. Human MSCs were modified with infectious lentiviral particles expressing GFP, periostin, and caALK3. GFP-expressing cells were used as a negative control. Western blotting demonstrated the successful overexpression of caALK3 and periostin (Fig. 4A) . After reaching confluence, the cells were treated with a medium previously described as suitable for in vitro tenogenic differentiation, that is, containing 50 mg/mL ascorbic acid and 10 mM beta-glycerophosphate, for 3 weeks (cf. ''Materials and Methods'' section and ref. [5] ). Subsequent gene expression analysis (Fig. 4B) for matrix proteins (collagens type I and III) and proteoglycans (biglycan, decorin, and lumican) showed no distinct changes. In particular, the gene expression of the transcription factor scleraxis was negative. However, the type II transmembrane protein tenomodulin was upregulated 1.7-fold in periostin-overexpressing and 2-fold in periostin plus caALK3-overexpressing MSCs indicative for the onset of a tenogenic differentiation program (Fig. 4B, C) . In contrast, expression of caALK3 alone was unable to support enhanced tenomodulin expression and even led to a 1.5-fold reduction of tenomodulin mRNA synthesis in MSCs (Fig. 4B, C) . A notable upregulation of tenomodulin was also seen in C3H10T½ cells lentivirally infected with periostin as compared with GFP-expressing control cells (data not shown).
Overexpression of periostin in MSCs supports ectopic tendon formation in vivo
Human MSCs were lentivirally modified to overexpress periostin, caALK3, or periostin plus caALK3. caALK3 was used to simulate BMP2-dependent matrix production without the secretion of biologically active BMP2 into the surrounding tissue. This should avoid the BMP-induced immigration and differentiation of host stem cells and restrict BMP-dependent matrix production and cartilage/ bone formation to genetically modified stem cells only. Moreover, the caALK3-mediated BMP-like activity should also enhance a putative tendon-like differentiation potential since, due to the use of this constitutively active receptor variant, BMP2-dependent signaling pathways FIG. 5. Periostin-dependent development of ordered collagen structures in human MSCs subjected to ectopic transplantations. Human MSCs were modified with lentiviruses encoding periostin, GFP, and caALK3 as described in ''Materials and Methods'' section. Modified cells were applied on a Duragen sponge and ectopically subcutaneously or intramuscularly implanted in female nude mice (6 weeks of age). After 4 weeks of implantation, mice were sacrificed and implants were explanted and subjected to histological analyses (HE staining). One representative implant of each group is shown in (A-D) . would become activated. This activity has been found necessary in our original cellular model involving active BMP2 and Smad8ca [5] .
Any particular combination of cellular modifications was implanted ectopically into five nude mice, both intramuscularly and subcutaneously. Tissue formation was analyzed after 4 weeks. We did not observe notable differences in tissue formation in subcutaneous versus intramuscular sites. Therefore, this aspect is not further distinguished here. The lentiviral infection of MSCs with caALK3 alone resulted in the formation of tissue with bony elements as evidenced by intense eosin staining (Fig. 5A) . Overexpression of periostin alone resulted in formation of fibroblastic tendon-like tissue (Fig. 5B) with the characteristic wavy crimp pattern. In the combined presence of periostin and caALK3, the explants demonstrated even more pronounced areas with tendon-like tissue; one representative implant (Fig. 5C ) and an enhanced view (Fig. 5D ) are shown. The production of ordered wavy fibroblastic tissue with elongated cells can be observed indicative for ongoing development of tendon-like structures. These results show that periostin is able to organize fibroblastic matrix into a tendon-like tissue.
Modified MSCs are detected in the sponge matrix
To investigate whether or not periostin/caALK3-modified MSCs are developing along the tenogenic lineage, we performed nonradioactive mRNA in situ hybridizations and fluorescence microscopy for GFP in tissue sections. Periostin-expressing MSCs could be detected with antisense probes in the carrier sponge but not in the fibroblastic cells surrounding the implanted sponge (Fig. 6) , indicating that the implanted cells were retained in the carrier. In support of this finding, modified MSCs coexpressing GFP could be detected by the green GFP fluorescence in immunohistochemical stains in the sponge (Fig. 7, region I) . We next investigated whether in the tendon-like tissue-documented to be present in Fig. 5C and D-collagen type III can be detected in parallel slides. The latter collagen type is synthesized during early tenogenic differentiation. Indeed, the tendon-like tissue contains collagen type III-rich structures (Fig. 7 , region II; region I is positively stained due to the use of a collagen sponge) which is a further substantiation of the periostin-dependent formation of the tendon-like tissue. In conclusion, periostin secreted by the implanted cells seems to be able to mediate formation of organized tissue-like 
Discussion
Fstl1, Clec3b, RNase A4, and periostin are novel factors identified in adult mouse tendon and the tendon-bone junction
The present study identifies four secreted factors whose gene expression is upregulated in the tenogenic model cell line C3H10T½-BMP2/Smad8ca. These factors have not been linked to tendon formation and their abundance in adult tendon has therefore not been tested previously. Fstl1 encodes a secreted glycoprotein that binds members of the TGF-b superfamily of growth/differentiation factors and is able to interfere with BMP2-induced transcriptional responses in a dose-dependent manner [14] . Its expression might be one of the reasons for the low osteogenic properties of tenogenic C3H10T½-BMP2/Smad8ca cells [5] and for tenogenic tissue in general [15] . Clec3b is a homotrimeric protein that has been suggested to play a role in tissue remodeling, due to its ability to stimulate plasminogen activation and it is expressed in developing tissues, such as bone and muscle. A skeletal phenotype has also been reported for Clec3b-knockout mice [16] . The secreted RNase A4 is located at the same genetic locus as angiogenin, and both genes share the same promoters. Both of these factors are able to induce neurogenesis and neovascularization [17] . All these properties might exert a general impact on tissue formation and homeostasis. Periostin is able to interact with extracellular matrix molecules, in particular, with collagen type I-the major component of tendon extracellular matrix-and to regulate collagen fibrillogenesis and the biomechanical properties of connective tissues [11] . We here confirm that these four factors are indeed expressed in adult mouse tendon and that their expression is higher in tendon as compared to muscle. This is interesting in particular for periostin that exhibited a 3.5-fold higher expression in tendon than in muscle whereas three other genes-scleraxis, Six2, and tenomodulin that are often used to experimentally characterize tendon tissue and tendon cells-are only induced maximally 2.6-fold (Fig. 2B) . Only the abundantly expressed collagen 1a1 gene is present at yet higher levels in tendon than in muscle compared with periostin. In conclusion these genes might be attractive candidates for further studies in the tendon field.
The fact that all ''tendon-specific'' genes are also demonstrated in muscle tissue in our study can be easily explained by the fact that it is well-known that muscle tissue does not only consist of myogenic cells. For example, a considerable proportion of muscle tissue contains intramuscular connective tissue [18, 19] . For example, the collagen I gene is expressed by muscle connective tissue cells and not by myogenic cells. Evidence for Six2 as a ''tendon marker'' comes from several studies using limb tendon embryonic development [20, 21] . These and other results that indicate expression of putative tendon marker genes in muscle tissue may either be due to a change of the expression mode of embryonic versus adult tissue or an efficient expression mode of these genes in intramuscular connective tissue.
To our knowledge, periostin expression in a fibrocartilaginous (direct) enthesis and in the nonmineralized chondrocytes of this enthesis has not been described before. Another study reported expression of the periostin-like factor, a splice variant of periostin, in tenocytes of trained but not of untrained tendon tissue [22] . In addition, one study observed periostin expression in a subset of hypertrophic chondrocytes of the growth plate [23] .
Tendon-inducing capacity of periostin
Although clearly present, the tendon-formation promoting effect of periostin was not as pronounced and efficient as in the original BMP2/Smad8ca system. This indicates that overexpression of periostin alone and its extracellular secretion even in conjunction with caALK3 is less efficient in promoting a tendon-like phenotype. Also, the separate overexpression of the other three candidate factors in C3H10T½ cells and in human MSCs only partially enhanced the expression of single ''tenogenic marker genes'' (data not shown). The original BMP2/Smad8ca system more efficiently triggers the necessary molecular events probably due to secretion of a variety of additional extracellular-matrix-forming factors as also identified in the present study. In this context, periostin is upregulated during tendon-like tissue formation and may assist the formation of ordered tendon-like tissue. Undoubtedly, more factors are involved in tendon extracellular matrix formation. For example, in the tendon stem cell niche, biglycan and fibromodulin play a major role [15] . Other major extracellular matrix components of tendon include tenomodulin and tenascin. More secreted mediators of tendon differentiation and tendon tissue organization from adult stem cells remain to be identified. In this context, the additional three secreted factors identified by our study (Fstl1, tetranectin, and RNase A4) that are induced in the BMP2/Smad8ca system might affect the tenogenic program in cooperation with periostin. Although their role is not entirely clear, it may be postulated that these factors contribute to the production of an extracellular matrix that is conducive to further development of a tendon-like matrix.
Periostin and tumorigenesis
Periostin has been implicated as a tumor-related protein.
An increase in its expression has been proposed to be a prognostic marker in tumorigenesis [24] . It is frequently dysregulated in various malignant cancers and promotes tumor metastatic growth [25] since it is produced by cancerassociated fibroblasts thereby supporting, for example, growth of gastric cancer [26] or breast-cancer-derived metastases [27] . Therefore, in tumor biology, periostin presents as a possible target within the tumor microenvironment to be eliminated in order to inhibit metastasis. Nevertheless, evidence has also accumulated for a distinct role of periostin in fibrillogenesis and, in addition, periostin is closely involved in mechanosensing [8] . In the context of the work presented here, we, therefore, suggest that periostin is not only expressed in tendons but also that it may influence tendon development and formation. In our studies, we did not observe any indications for tumor or blood vessel formation in our explants, although the time allowed in our ectopic implantations (4 weeks) may be too short for a final conclusion. In contrast, BMP2 clearly stimulates blood vessel formation in ectopic implantations (data not shown).
Use of viral expression systems for genetic modification of stem cells Lentiviral vectors are used as convenient gene delivery systems because they offer several advantages; they infect nondividing cells, have high transduction efficiencies, and insert stably into the host genome allowing long-time gene expression. However, genome integration by lentiviral vectors may lead to insertional mutations. So, human immunodeficiency virus (HIV)-based vectors may integrate into the growth hormone receptor locus [28] . Also, a potentially oncogenic insertion of HIV integration has been reported in rare T-cell lymphomas [29] . Further, HIVderived lentiviral vectors may bias analyses by their integration into transcriptional units [30, 31] . Recently, it also has been documented that lentiviral vectors cause genomewide epigenetic changes in the methylation status. Up to 900 genes may be modified by lentiviral infection of CD34 + cells [32] . These problems ask for special safety regards before lentiviral vectors can proceed to the clinic [33] or, for example, the use of nonviral gene delivery systems, such as the ''sleeping beauty,'' may be advisable [34] . In spite of all these caveats, it has been documented that in vitro and even in vivo lentiviral infection of MSCs did not affect their multilineage differentiation potential [35] and in our case, tenogenic tissue formation of control implantations with GFP-lentiviruses or uninfected MSCs was not observed (data not shown). 
